Introduction
============

The antiepileptic drug ezogabine (also known by the international nonproprietary name of retigabine), which was codeveloped and is comarketed by Valeant Pharmaceuticals International (Montreal, Quebec, Canada) and GlaxoSmithKline (Research Triangle Park, NC, USA), reduces neuronal excitability by enhancing the activity of KCNQ (Kv7.2--7.5) potassium channels.[@b1-tcrm-9-207] Ezogabine is rapidly absorbed and extensively metabolized via formation of an *N*-acetyl metabolite and by *N*-glucuronidation of both ezogabine and the *N*-acetyl metabolite.[@b2-tcrm-9-207],[@b3-tcrm-9-207] Elimination of ezogabine and its metabolites is predominantly renal, with 30%--40% excreted in urine as the parent drug and a further 40%--50% as metabolites.[@b4-tcrm-9-207] Ezogabine 600--1200 mg/day has been shown to be efficacious and generally tolerated as adjunctive therapy in adults with partial-onset seizures in three pivotal controlled trials,[@b5-tcrm-9-207]--[@b7-tcrm-9-207] and has been approved for adjunctive use in adults with partial-onset seizures by regulatory authorities including the US Food and Drug Administration and the European Medicines Agency.

Ezogabine has a pharmacologic effect on the smooth muscle of the urinary bladder through interaction with KCNQ potassium channels,[@b8-tcrm-9-207]--[@b10-tcrm-9-207] and consequently has the potential for effects on the urinary system. In the pivotal controlled trials in epilepsy, urinary and renal adverse events were reported more frequently in patients receiving ezogabine than in those receiving placebo (17% versus 13%).[@b11-tcrm-9-207] The most common renal and urinary adverse events in the ezogabine group compared with the placebo group were dysuria (2.3% versus 0.7%), urinary hesitation (2.2% versus 0.9%), chromaturia (1.6% versus 0.2%), hematuria (1.6% versus 0.7%), and abnormal urine analysis (1.6% versus 0.9%). In addition, urinary tract infection was reported commonly in both groups (4.7% versus 4.3%). Urinary and renal adverse events, the majority of which were mild, were reported in 26% of 1365 patients receiving ezogabine in the Phase II--III clinical development program; most of these patients continued treatment.[@b11-tcrm-9-207] Of the urinary and renal adverse events reported in the Phase II--III clinical development program, only urinary tract infection was observed in ≥5% of patients receiving ezogabine; in addition, urinary hesitation, abnormal urinalysis, dysuria, urinary retention, hematuria, chromaturia, polyuria, residual urine volume, leukocyturia, and proteinuria were reported in ≥1% of patients receiving ezogabine.[@b11-tcrm-9-207] In addition to symptomatic effects on the bladder, changes in some urinalysis parameters were seen in a placebo-controlled Phase IIa safety and efficacy study of ezogabine in patients with post-herpetic neuralgia (NCT00612105; <http://www.clinicaltrials.gov>).

In the post-herpetic neuralgia study, patients were treated with placebo or ezogabine, and urine specimens were collected during treatment. After collection, a stabilizer was added to the urine, and the specimens were transported to a central laboratory and analyzed within 96 hours of collection using a fully automated urine chemistry analyzer. Incidence rates for proteinuria, haziness/cloudiness, and abnormal coloration were approximately 10%, 33%, and 3%, respectively, for patients receiving placebo, and approximately 30%, 95%, and 50%, respectively, for patients receiving ezogabine (Valeant Pharmaceuticals International, data on file). However, clinically meaningful changes in renal function were not detected and no adverse events were associated with these unexpected urinalysis findings, which resolved completely with gradual withdrawal of ezogabine over 3 weeks (Valeant Pharmaceuticals International, data on file). Proteinuria or urinalysis findings similar to those observed in the post-herpetic neuralgia study were not reported in the pivotal controlled trials,[@b5-tcrm-9-207]--[@b7-tcrm-9-207] which used a different central laboratory from that in the post-herpetic neuralgia study.

It is well established that urinary crystal formation is common[@b12-tcrm-9-207] and cloudy urine may be due to precipitated crystals.[@b13-tcrm-9-207] Crystals with a bilirubin-like appearance (but shown not to be bilirubin by chemical analysis) were detected in the urine of 15% of patients receiving ezogabine in the Phase III studies.[@b11-tcrm-9-207] In addition, aqueous solutions of ezogabine are known to develop a bluish-purple color over 24--72 hours.[@b11-tcrm-9-207] Hence, it was hypothesized that the urinalysis findings in the post-herpetic neuralgia study resulted from urine handling techniques and/or ex vivo degradation of renally excreted ezogabine and its metabolites, producing urine turbidity and discoloration that interfered with the automated analysis procedures performed by the central laboratory used in the study.

To test the hypothesis that urine handling procedures, storage, and use of preservatives may impact laboratory urinalysis results from subjects receiving repeat doses of ezogabine, two further studies were conducted and the results are presented here.

Materials and methods
=====================

Study designs
-------------

### Study 303

Study 303 (NCT00310375)[@b14-tcrm-9-207] is an open-label extension of the Phase III RESTORE 1 trial, which evaluated the efficacy and safety of ezogabine 900--1200 mg/day in adults with partial-onset seizures.[@b7-tcrm-9-207] A protocol amendment was designed to explore the hypothesis that urinary findings in a placebo-controlled Phase IIa safety and efficacy study of ezogabine in patients with post-herpetic neuralgia (NCT00612105; <http://www.clinicaltrials.gov>) were due to sample handling. The amendment enabled patients enrolled in Study 303 to provide urine samples voluntarily for evaluation. Urine specimens were divided into five aliquots: one was analyzed immediately on site and, to enable a direct comparison of different laboratory methodologies on urinalysis outcomes, two central laboratories (A and B) each received two stabilized aliquots to be tested on arrival (1--3 days after collection).

### Study RTG114137

Study RTG114137 was an open-label, repeat-dose study in healthy volunteers aged 40--65 years, specifically designed to explore the underlying mechanisms responsible for the urinalysis observations in the above-mentioned post-herpetic neuralgia study. Subjects were inpatients at the clinical unit for the duration of dosing ([Figure 1](#f1-tcrm-9-207){ref-type="fig"}). Urine (first morning void) collection was scheduled for the fourth day of treatment with ezogabine 600, 750, and 900 mg/day (steady state), and for the sixth day of treatment with ezogabine 600 and 900 mg/day following 24--30 hours of fluid restriction. Urine samples were divided into six aliquots. At each time point, one aliquot was analyzed within 2 hours of collection; different stabilizers were added to two aliquots, which were analyzed after 24 hours and 72 hours of storage at room temperature; and one spare aliquot was frozen for further chemical analysis, if considered necessary. The stabilizers used were commonly used brands (stabilizer 1, Stabilur® \[Cargille-Sacher Laboratories, Cedar Grove, NJ, USA\] and stabilizer 2, BTA urine stabilizer \[Bio-Medical Products Corporation, Mendam, NJ, USA\]). Storage times were selected to replicate the range of intervals between urine collection and analysis in Study 303.

Assessments
-----------

### Study 303

On-site tests of fresh urine samples included immediate visual dipstick evaluation for protein, blood, leukocytes, nitrites, pH, and specific gravity, with color and clarity being noted. Stored samples were assessed at the central laboratories for protein, red and white blood cells, leukocyte esterase, color, and clarity by automated urinalysis. In addition, at each laboratory, a spot urine albumin:creatinine ratio (ACR) was determined. The ACR was used to detect microalbuminuria because this test has greater sensitivity for detecting low levels of protein than a protein:creatinine ratio and correlates well with the amount of albumin excreted over 24 hours assessed using a 24-hour urine collection.[@b15-tcrm-9-207]

### Study RTG114137

All samples were assessed for protein, glucose, ketones, bilirubin, blood, nitrite, urobilinogen, pH, specific gravity, color, clarity, and turbidity using a fully automated system. Microscopic examination was used to determine the presence of leukocytes, erythrocytes, epithelial cells, and casts. Relevant clinical parameters, including creatinine clearance and ACR, were determined using fresh samples. Adverse events, vital signs, and electrocardiographic and clinical chemistry evaluations were determined throughout the study.

Results
=======

Study 303
---------

Thirty-five specimens were collected from 16 patients. There was notable variation in clarity, color, and proteinuria between fresh (baseline) and stored samples, and between samples analyzed at different laboratories ([Table 1](#t1-tcrm-9-207){ref-type="table"}). Proteinuria was detected in 6% of fresh samples at baseline and 6% of stored samples analyzed at laboratory B but in 26% of stored samples analyzed at laboratory A. ACRs were similar for laboratories A and B (mean ± standard deviation, 15.1 ± 23.9 mg/g and 13.5 ± 22.9 mg/g creatinine, respectively).

Study RTG114137
---------------

The 33 subjects enrolled ([Table 2](#t2-tcrm-9-207){ref-type="table"}) all received ezogabine 300 mg/day. As the ezogabine dose was uptitrated, 32 subjects received 450 mg/day and 600 mg/day, 31 received 750 mg/day, and 19 received 900 mg/day. Twenty-four (73%) subjects completed the study. The study was terminated early because of tolerability concerns with ezogabine 750--900 mg/day, resulting in a maximum treatment duration of 25 days.

Urinalysis
----------

The results of urinalysis are summarized in [Table 3](#t3-tcrm-9-207){ref-type="table"}. When fluid intake was not restricted, proteinuria was not detected in fresh samples except for one sample (4%) on day 25. For the stored samples, incidences of proteinuria of 0%--4% and 3%--8% were reported on unrestricted fluid intake days in samples containing stabilizers 1 and 2, respectively. After fluid restriction (day 13), proteinuria was detected in two fresh samples (7%), and in 32% of stored samples containing stabilizer 1 and in 55%--90% of stored samples containing stabilizer 2. In each case, when protein was detected in the fresh sample, the ACR was within the normal range for the subject's gender (unrestricted fluid, 3.0 mg/g creatinine; restricted fluid, 14.0 mg/g and 17.0 mg/g).

On unrestricted fluid intake days, crystals were detected in fresh samples from two subjects. In both cases, the crystals were identified as hyaline casts. Following fluid restriction, crystals were detected in urine from four subjects (calcium oxalate crystals in one subject and hyaline casts in three subjects).

When fluid intake was not restricted, a change in urine color was seen between fresh samples and those stored for 24 and 72 hours, respectively, in 13%--23% and 31%--73% of samples containing stabilizer 1, and in 0%--31% and 10%--22% of samples containing stabilizer 2. Following fluid restriction, urine color change was detected in 0% and 7% of samples containing stabilizer 1 and in 29% and 65% of samples containing stabilizer 2 at 24 and 72 hours, respectively.

No notable changes were observed in other urinalysis parameters in fresh samples when fluid intake was not restricted but, following fluid restriction, red and white blood cells, dipstick occult blood, and haziness were present in a slightly higher proportion of subjects, and average pH was increased (mean 6.1 versus 5.8 at baseline). Fluid restriction was associated with an increase in urine density ([Figure 2](#f2-tcrm-9-207){ref-type="fig"}).

Clinical and laboratory parameters
----------------------------------

With the exception of one subject with an elevated alanine aminotransferase level that was reported as an adverse event, no subject had abnormal hematology or clinical chemistry values, or changes in vital signs or electrocardiograms, that were considered clinically significant.

Safety and tolerability
-----------------------

The most common adverse events were dizziness and euphoric mood, both reported in 42% (14/33) of subjects, followed by somnolence (36%, 12/33) and headache (33%, 11/33), as seen in [Table 4](#t4-tcrm-9-207){ref-type="table"}. The only urinary tract-related adverse events reported were chromaturia (18%, 6/33), pollakiuria (6%, 2/33), and dysuria (3%, 1/33), all of which resolved spontaneously.

Ezogabine 300--450 mg/day was reasonably well tolerated, with all reported adverse events being of mild or moderate intensity. An increased incidence of adverse events was reported for ezogabine 600--900 mg/day, which included six of severe intensity. One serious adverse event was reported in the 900 mg/day group: this was a psychotic disorder that resolved spontaneously within an hour and was considered by the principal investigator to be possibly related to the study medication. The subject was withdrawn from treatment and the study was terminated early following this event. Eight other subjects had adverse events leading to withdrawal, including one subject with alanine aminotransferase elevation (more than 3 × upper limit of normal), which had resolved at follow-up. There were no deaths during the study.

Discussion
==========

In a Phase II study in post-herpetic neuralgia, urinalysis results reported from stored, stabilized urine samples indicated that nearly all urine specimens from ezogabine-treated patients were hazy or cloudy, half were abnormally colored, and around one-third tested positive for the presence of protein. In contrast, the majority of patients who received placebo had normal urine color; turbidity increased only marginally, and protein readings remained similar to those at baseline. However, no clinically meaningful changes in renal function were detected, and no adverse events were associated with the urinalysis findings, which resolved completely upon withdrawal of ezogabine. The hypothesis that these urinalysis findings could be attributed to ex vivo processes and urine sample handling procedures was tested in the two studies reported here in which urinalysis was conducted on both freshly voided urine specimens and stored stabilized samples.

Urinalysis performed on fresh specimens indicated that treatment with ezogabine 600--900 mg/day was not associated with clinically significant abnormalities. In Study 303, differences in urinalysis data were noted between fresh and stored/transported samples and between two central laboratories. In Study RTG114137, differences in urinalysis data were observed between fresh and stored samples and with the use of different stabilizers. Most examples of proteinuria, crystal formation, turbidity, and discoloration were detected in specimens stored for 24--72 hours and are considered to be the result of ex vivo processes. The results following fluid restriction clearly indicate that, in the presence of high urine density, addition of a urine stabilizer and delaying urinalysis by 24 hours or more was associated with an increase in positive protein readings. Results from one of the central laboratories used in Study 303 and from stored samples following fluid intake restriction in Study RTG114137 were similar to the findings of the post-herpetic neuralgia study mentioned previously.

The results reported here help to explain the incidence of proteinuria recorded in the post-herpetic neuralgia study. However, there are differences between the studies that should be borne in mind, and the number of patients involved and samples analyzed in the studies reported were limited. Participants in the post-herpetic neuralgia study were older (mean age 62.5 years) than participants in Study RTG114137 (mean age 47.4 years) or the open-label extensions of the Phase III epilepsy studies, including Study 303 (mean age 36.6 years).[@b14-tcrm-9-207] In addition, in common with Study 303, but in contrast to Study RTG114137, subjects in the post-herpetic neuralgia study were treated as outpatients. Inpatient treatment has the advantages of allowing close monitoring and control of physical activity and fluid intake, and of diet standardization. The effect of inpatient status on hydration levels can be seen in Study RTG114137, with higher and more variable urine density at study entry than on days 11, 18, and 25 ([Figure 2](#f2-tcrm-9-207){ref-type="fig"}).

These studies highlight the difficulties in comparing diagnostic test data between clinical studies. Although automated urinalysis has improved accuracy compared with dipsticks, varying sensitivities, specificities, and high rates of false-positive results can occur.[@b16-tcrm-9-207]--[@b18-tcrm-9-207] The light-refractory properties of the bilirubin-like crystals observed in the urine of patients receiving ezogabine, together with color formation in aqueous solutions of ezogabine, may contribute to the turbidity and discoloration reported in stored samples. In the studies described here and in the post-herpetic neuralgia study, the lack of clinically relevant changes in laboratory parameters, such as serum creatinine and blood urea nitrogen, supports the lack of a real renal effect of the study medication.

The adverse event profile for ezogabine reported here is consistent with that reported previously, including the association of ezogabine 600--900 mg/day with a high frequency of central nervous system-related adverse events.[@b5-tcrm-9-207],[@b6-tcrm-9-207],[@b14-tcrm-9-207] To limit the duration of exposure of healthy volunteers to ezogabine, the schedule for uptitration to 600 mg/day was more rapid in Study RTG114137 than that used in the pivotal controlled trials and recommended for clinical use.[@b4-tcrm-9-207]

In conclusion, a detailed investigation of the impact of the interval between urine collection and analysis, patient hydration levels, and the type of preservative used for urine specimen storage at a central laboratory has demonstrated the importance of performing urinalysis on fresh urine samples from patients receiving ezogabine if the incidence of false-positive proteinuria findings is to be minimized.
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###### 

Incidence of urinalysis abnormalities in Study 303

                            Urine samples (n = 35)              
  ------------------------- ------------------------ ---------- ---------
  Not clear, n (%)          10 (29)                  35 (100)   16 (46)
  Discolored, n (%)         12 (34)                  10 (29)    1 (3)
  Protein positive, n (%)   2 (6)                    9 (26)     2 (6)

###### 

Baseline demographic characteristics for Study RTG114137

  Safety and pharmacodynamic population   Total (n = 33)
  --------------------------------------- ----------------
  Mean age, years                         47.4
  Gender, n (%)                           
   Female                                 8 (24)
  Race, n (%)                             
   White/European heritage                18 (55)
   Black/African heritage                 11 (33)
  Mean body mass index (kg/m^2^)          26.9

###### 

Incidence of urinalysis abnormalities in Study RTG114137

                               Subjects (%)                  
  ---------------------------- -------------- ---- ---- ---- ----
  **Protein in urine**                                       
  Non-restricted fluid days                                  
   Day 11 (ezogabine 600 mg)   0              3    3    3    3
   Day 18 (ezogabine 750 mg)   0              0    3    3    3
   Day 25 (ezogabine 900 mg)   4              4    4    8    4
  Restricted fluid day                                       
   Day 13 (ezogabine 600 mg)   7              32   32   90   55
  **Crystals in urine**                                      
  Non-restricted fluid days                                  
   Day 11 (ezogabine 600 mg)   0              3    0    3    3
   Day 18 (ezogabine 750 mg)   3              0    0    0    0
   Day 25 (ezogabine 900 mg)   4              0    4    0    4
  Restricted fluid day                                       
   Day 13 (ezogabine 600 mg)   13             23   39   0    3
  **Urine color change**                                     
  Non-restricted fluid days                                  
   Day 11 (ezogabine 600 mg)   --             13   31   31   22
   Day 18 (ezogabine 750 mg)   --             23   73   17   10
   Day 25 (ezogabine 900 mg)   --             20   56   0    16
  Restricted fluid day                                       
   Day 13 (ezogabine 600 mg)   --             0    7    29   65

###### 

Adverse events occurring in ≥2 subjects by ezogabine dose for Study RTG114137

  Preferred term                                Ezogabine daily dose                                           
  --------------------------------------------- ---------------------- --------- --------- --------- --------- ---------
  Subject with any drug-related adverse event   12 (36)                14 (44)   24 (75)   18 (58)   12 (63)   31 (94)
  Dizziness                                     2 (6)                  2 (6)     7 (22)    7 (23)    1 (5)     14 (42)
  Euphoric mood                                 6 (18)                 3 (9)     4 (13)    1 (3)     2 (11)    14 (42)
  Somnolence                                    3 (9)                  5 (16)    1 (3)     3 (10)    1 (5)     12 (36)
  Headache                                      1 (3)                  0         4 (13)    7 (23)    2 (11)    11 (33)
  Memory impairment                             0                      1 (3)     5 (16)    3 (10)    0         9 (27)
  Oral paresthesia                              0                      1 (3)     2 (6)     5 (16)    0         8 (24)
  Confusional state                             0                      0         2 (6)     3 (10)    3 (16)    7 (21)
  Dysarthria                                    2 (6)                  0         1 (3)     4 (13)    0         7 (21)
  Chromaturia                                   0                      0         2 (6)     3 (10)    1 (5)     6 (18)
  Disturbance in attention                      1 (3)                  0         2 (6)     3 (10)    0         6 (18)
  Dry mouth                                     0                      0         2 (6)     1 (3)     2 (11)    5 (15)
  Heterophoria                                  0                      0         2 (6)     1 (3)     2 (11)    5 (15)
  Constipation                                  1 (3)                  2 (6)     0         1 (3)     0         4 (12)
  Abnormal coordination                         0                      0         2 (6)     2 (6)     0         4 (12)
  Nausea                                        0                      0         3 (9)     2 (6)     0         4 (12)
  Paresthesia                                   0                      0         1 (3)     3 (10)    0         4 (12)
  Abdominal pain                                0                      1 (3)     0         2 (6)     0         3 (9)
  Fatigue                                       0                      0         1 (3)     2 (6)     0         3 (9)
  Blurred vision                                0                      0         2 (6)     1 (3)     1 (5)     3 (9)
  Affect lability                               0                      2 (6)     0         0         0         2 (6)
  Arthralgia                                    0                      0         1 (3)     2 (6)     0         2 (6)
  Ataxia                                        0                      0         0         2 (6)     0         2 (6)
  Decreased appetite                            0                      0         0         2 (6)     0         2 (6)
  Pollakiuria                                   2 (6)                  0         0         0         0         2 (6)
